Introduction
The U.S. Department of Energy's, National Nuclear Security Administration, Office of Material Management and Minimization, requires the use of metallic fuel to meet the objectives of the Reactor Conversion Program for the fleet of U.S. high-performance research reactors. The metallic fuel selected to replace the current fuel is low-enriched uranium 10-wt% molybdenum alloy (U-10Mo) in the form of a thin sheet or foil encapsulated in AA6061 aluminum alloy. The Fuel Fabrication Capability Pillar of Reactor Conversion has undertaken a series of tasks to meet fuel performance and schedule requirements, and a series of tasks have been undertaken that increase the understanding of the impact of processing conditions on the microstructure of the final fuel.
The chemistry of raw materials and processing methods can directly impact the final U-10Mo alloy quality, which is partially determined by the amount of undesirable phases such as carbides, MoSi 2 (molybdenum di-silicide), or oxide phases in the final U-10Mo alloy product and the effective 235 U enrichment in the U-10Mo matrix, devoid of second phases. At present, a clear correlation between the final U-10Mo microstructure and raw material chemistry or processing methods is lacking.
To establish quality benchmarks for fabricated U-10Mo fuel, mass balance calculations were developed to estimate the carbide volume fraction in final U-10Mo alloy as a function of carbon concentration. We also developed a mathematical model for estimating the final 235 U effective enrichment in the uranium−molybdenum (U-Mo) matrix of U-10Mo alloy after accounting for the loss of 235 U in the carbide phase. This model was validated by comparing its predictions with results from detailed microstructural characterizations and image processing undertaken at Pacific Northwest National Laboratory and composition measurements provided by the Y12 security complex. The carbide volume fraction and 235 U enrichment then was used to provide a direct estimation of the effective density of the final U-10Mo fuel as a function of carbon concentration in the final U-10Mo alloy. (1) A standard procedure is not available for measuring the density of uranium alloys or metal alloys in general. Hence, the purpose of this document is to provide guidelines for preparing U-Mo specimens and performing density measurements, based upon the Archimedes principle, ASTM D792-13 (Standard Test Methods for Density and Specific Gravity of Plastics by Displacement) and ASTM B311-13 (Standard Test Method for Density of Powder Metallurgy Materials Containing less than 2% Porosity) Standards. (2, 3) In the procedure, typical specimens (i.e., solids) will be sheared to small rectangular foils, disks, or pieces of metal. A mass balance, a solid density determination kit, and a liquid of known density can be used to determine the density of U-10Mo specimens using the Archimedes principle. By measuring the density of the U-10Mo sample, it is possible to predict the porosity present in the sample.
Sample Receipt and Identification
Upon receipt of a U-Mo sample, an entry should be made in the Sample Log. The Sample Log entry should contain the sample identification number, sample description, and other relevant information to ensure positive sample identity and traceability. The log entry also should note the number of specimens (to be sectioned) required per sample and the type of preparation required. This information will be determined by the cognizant engineer. The sample and/or sample container shall be marked with a sample identification number and tagged. The location of the sample also should be recorded in the Sample Log.
Sample Sectioning for Uranium−Molybdenum Density Measurement
For performing density measurements on a given U-Mo sample (foil/casting), we recommend that at least three different regions be selected and marked for sectioning into three (recommended) specimens per U-Mo sample. ASTM D792 suggests a minimum of two specimens per sample. (2) Per ASTM D792, the test specimen shall be a single piece of material with a size and shape suitable for the testing apparatus, provided its volume is not less than 1 cm 3 . ASTM B311 recommends a specimen mass less than 10 g. For the highest precision, the test specimen should have a minimum mass of 5 g. (3) Make sure to refer to the mass balance specifications, and choose a specimen mass that gives the best linearity and reproducibility. For example, the Mettler AE100 balance has a weighing range of 0 to 100 g, readability of 0.1 mg; reproducibility of 0.1 mg, linearity of ±0.2 mg, and linearity relative to 10 g of ±0.1 mg).
Proper cutting requires the correct selection of abrasive type, bonding, and size, as well as proper cutting speed, load, and coolant. Make sure to choose appropriate sectioning/cutting equipment based on sample dimensions (primarily the thickness).
This section of the procedure applies to shearing, cutting, sectioning, or machining radioactive samples in the fume hood or glove box using a low-speed saw, band saw, or bench shear. A contamination area or high contamination area may be created during the sectioning of the various materials. Sectioning operations are strictly limited to the fume hood or glove box.
Equipment/Supplies
• Bench shear
• Buehler IsoMet low-speed saw
• UKAM Smart Cut 6001 GP (for larger pieces)
• Water • Terry towel (or similar absorbent material)
• Lubricating solution.
Preparation of the Cutting Equipment
1. Verify that the cutting equipment is working properly. Refer to its manual for instructions related to its operation.
2. In the fume hood, the equipment should be placed in such a way that the radioactive material is at least 6 inches from the front sill of the fume hood and that the air flow baffles at the rear of the fume hood are not blocked.
3. Prepare the fume hood or glove box by covering the area around the equipment with absorbent material to control the spread of contamination. For example, a terry towel or similar absorbent material may be placed around the equipment.
4. If appropriate, provide lubrication for the cutting blade or surface.
• For the saw blade, either fill water in the lubrication pan or place a wet towel into the pan to lubricate the blade and collect the cutting residue. A paper towel also can be folded and inserted, so it can wipe the blade and minimize spraying of lubricant from the sample during sawing.
Retrieving Materials for Sectioning
Unpack and transfer the samples to the fume hood or glove box. If contamination is suspected or if levels of contamination are not known, the innermost or sample package of concern may be opened in the fume hood, glove box, or other contamination area. Make sure appropriate procedures are followed while working with radioactive materials.
Sectioning
1. Specimens should be sectioned from the sample as marked for performing density measurements. The location of the cut section with respect to the original sample should be recorded in the laboratory notebook.
2. Position the sample in the cutting fixture to cut specimens where marked. Clamp the sample to be sectioned in the sample chuck.
3. Before operating the equipment to section the material, make sure the blade can be lubricated continuously. Make sure the lubricant is contained by adjusting the blade speed to prevent splashing and spraying from the blade. A shield can be used to control the spread of contamination. ALARA (as low as reasonably achievable) principles should apply to minimize radiation dose to workers.
4. Turn on the cutting equipment and gently lower the sample onto the rotating blade (or if applicable, by gently lowering the blade onto the sample).
5. When operating the saw, decrease the speed of the blade, hold onto the cut section, and lift the fulcrum arm to prevent a back-slash cut to the sample when the blade has cut almost completely through the sample.
6. When operating the bench shear, make sure to use appropriate gloves and keep fingers away from the cutting blade.
7. Multiple cuts may be required to get the required number of specimens from a sample. Store specimens inside properly labeled containers.
Job Completion and Cleanup
1. Once sectioning is complete, remove the sample from the chuck. Collect all sectioned pieces. Clean the work area to reduce/remove contamination and arrange for a radiological survey. Based on the survey findings, determine if contamination is as low as can be reasonably achieved or if further cleaning is required. After cleaning, store the sample and sectioned pieces (specimens) in a clean, clearly labeled bag/containers. Transfer, if needed. Record the identification number and location of the cut pieces in the Sample Log.
2. Place any unused pieces (labeled bag) in a shielded area of the fume hood, glove box, or other shielded location. Record the identification number and location of these pieces in the Sample Log.
3. Place any waste material in a waste container in the fume hood or glove box. If the waste material has a high dose rate (as defined by a Radiological Control Technician), segregate it from the other waste material and shield it until the material can be removed for disposal.
4. Clean the equipment, chuck, and tools by washing and wiping the contaminated areas.
5. When using the saw, remove excess liquids from the saw pan by blotting up the liquids with an absorbent material. If using a damp towel to assist in the lubrication, dispose it using an absorbent material in a radioactive waste bag clearly marked with a description of the contents, the source of the material, and the contamination level.
• Rinse the pan with water, and blot up the rinse water.
• Remove the pan, and place it in a plastic bag.
6. Remove the absorbent material placed around the equipment and dispose of it in the fume hood or glove box waste container. Wipe the exterior surface of the equipment and surrounding area with a damp towel.
7. The cleaned equipment may be stored by placing it in a back corner of the fume hood or glove box.
Sample Acid Cleaning Prior to Density Measurements
U-Mo samples should be free from oil, grease, and other foreign matter. U-Mo samples typically oxidize when exposed to air for few hours. Hence, prior to density measurements, they must be cleaned to remove all oxides formed on the surface. Nitric acid is typically used to remove uranium oxidation products because of its orders-of-magnitude higher reactivity with uranium oxides compared to metallic uranium. The primary objective of the acid cleaning procedure is to remove all oxide products and expose the bare U-Mo metal so the mass of the solid can be measured accurately. Acid cleaning should be performed in a fume hood, according to the operational procedure. Density measurements should be performed immediately after acid cleaning.
Equipment/Supplies
• Concentrated nitric acid
• Deionized water
• Ethanol
• Containers for acid bath and water
• Fine-tip wire brush
• Compressed air.
Acid Cleaning Uranium-Molybdenum Samples
1. Prepare 35% nitric acid using deionized water. Never add water to concentrated acid.
2. Pour 35% nitric acid into an appropriately sized container.
3. Place the U-Mo specimens into the acid solution using tongs made of Teflon or coated with Teflon.
4.
A fine-tip wire brush also can be used to lightly remove oxidation products on the surface of U-Mo specimens during acid cleaning.
5. Remove the U-Mo specimens from the acid solution after removing all oxidation products from the surfaces.
6. Transfer U-Mo specimens immediately into a glass container filled with deionized water, and move gently to accomplish a quick rinse.
7. Remove U-Mo specimens from the glass container and place them on a poly wipe to dry.
8. As an alternative approach, the U-Mo specimens can be rinsed with ethanol to decrease the drying time. Store specimens in appropriately labeled containers.
9. After cleaning, transfer the acid solution and water to an appropriate rad-waste container.
Definition of Density and Archimedes' Principle
The density, ρ, of a homogeneous body is the relationship of its mass to its volume or its mass per unit of volume. The unit of density is g/cm 3 . Note: 1 g/cm 3 = 1 g/mL.
= According to DIN (German Engineering Standards) 1305, the term "weight" can be used instead of "mass."
Archimedes' principle says that the apparent weight of an object immersed in a liquid decreases by an amount equal to the weight of the volume of the liquid that it displaces. Because 1 mL of water has a mass almost exactly equal to 1 g, if the object is immersed in water, the difference between the two masses (in grams) will equal (almost exactly) the volume (in mL) of the object weighed. By knowing the mass and the volume of an object, the density can be calculated.
Density Measurement Setup
The density of a solid can be measured using an analytical mass balance (with a minimum readability and reproducibility of 0.1 mg) and a kit for solid density measurements. The kit is used to measure the mass of a solid (i.e., a U-Mo specimen) in air and water. The analytical mass balance must be supported in a manner that eliminates mechanical vibrations and be shields it from air drafts. A glass beaker or other suitable transparent container should be used to contain the liquid so the presence of air bubbles can be easily discerned.
The Mettler AE200 balance and the Mettler Density Determination Kit for Solids (Part #33360) are examples of suitable equipment.
The following factors should be considered before measuring the density of a solid (e.g., U-10Mo specimens): liquid temperature, choice of a liquid of known density, air buoyancy, presence of air bubbles, immersion depth of the gem holder, surface tension of the liquid, and porosity of the material being tested. These factors are described in the following sections.
Temperature
In this setup, the density of a solid body is determined by using a liquid of known density. The temperature of the liquid must always be taken into consideration when the density is to be determined with better than 1 % accuracy. A thermometer readable to 0.1°C or better is required. (2) Densities of water at different temperatures are shown in Table 1 . In the case of solid bodies, the change in density caused by a change in temperature is generally so small that the temperature of a solid body (e.g., a U-Mo specimen) can be disregarded as far as the density determination is concerned.
Choosing a Liquid of Known Density
Typically, distilled water is used as a liquid with known density for measuring the density of a solid, such as the density standard. According to the 3M Fluorinert Electronic Liquid FC-43 specification sheet, the liquid density is 1.860 g/cc (25°C). The following formula can be used to calculate the density of Fluorinert Electronic Liquid FC-43 at various temperatures.
where, T is temperature in °C.
For all other liquids, the density at temperature T must be taken from published tables.
Air Buoyancy
Depending on physical conditions, the weight of a cubic centimeter of air ranges from 1.0 to 1.2 mg. Thus, any object that is being weighed in air is subject to this kind of buoyancy for each cubic centimeter of its volume. This means for a density of 1 g/cm 3 , an error of approximately 0.1% would occur if air buoyancy is not taken into consideration. Thus, if density data with three or four decimal places are required, the result will have to be corrected for the air buoyancy. The true density is about 0.001 g/cm 3 more than the calculated density.
Air Bubbles
Water is a poor wetting liquid. Hence, when using water without a wetting agent, it is possible for air bubbles to adhere to the submerged solid body or gem holder, which is the wire basket that holds the specimen. Because of their buoyancy, air bubbles could affect the results. A bubble 1 mm in diameter would cause a buoyancy of 0.5 mg, while a bubble 2 mm in diameter would have a buoyancy of as much as 4 mg.
Precautionary measures that should be taken are listed below:
• Degrease solids that are resistant to solvents.
• Periodically clean the gem holder and sinker; do not touch immersible parts with your hands.
• To loosen air bubbles that might stick to it, gently shake the gem holder when first immersing it in the liquid before suspending it from hook.
• Use wetting agents or organic solvents as auxiliary liquid (e.g., Kodak Photo-Flo; Pervitro 75% Mettler #72409).
Note: The change of density caused by the addition of a wetting agent to distilled water is negligible. If, for example, 0.1 mL of a wetting agent with a density of 1.2 g/cm 3 is added to 250 mL of water, the overall density changes by 0.001 g/mL.
Immersion Depth of the Gem Holder
The submersible part of the gem holder has a diameter of 0.8 mm and is made of corrosion-resistant wire. With a liquid density of approximately 1 g/cm 3 , the resulting buoyancy is approximately 5 mg for each 10 mm that is submerged. Because the gem holder remains submerged while the solid body is weighed in air and, with electronic balances, the immersion depth does not change from one weighing to the next (in spite of the difference in weight), the buoyancy of the gem holder remains constant and can thus be disregarded. Note: Do not change the liquid level.
The change in liquid level caused by submerging the solid body can be disregarded in most cases. A solid body with a volume of 1 cm 3 causes the liquid to rise by about 0.5 mm. This is equivalent to a buoyancy of about 0.15 mg (i.e., a density error of 0.00015 g/cm 3 ).
Surface Tension of the Liquid
Because the liquid adheres to the suspension wire, an apparent weight increase occurs. A force of up to 3 mg can act on the gem holder due to the wire being submerged in the water. However, any influence on the result will be virtually eliminated by having the gem holder submerged during both weighings (i.e., in air and in water). For very high accuracy requirements, reducing the surface tension would constitute an additional precautionary measure (see Section 6.4).
Porous Bodies
Because submerging porous bodies in a liquid do not generally cause a 100% displacement of air within the pores, errors will occur as a consequence. Thus the density of the body can only be approximated.
Calibration of Analytical Mass Balance
For a mass balance, regular calibration is critical. A test weight should be used to verify proper functioning of the mass balance before using the setup for density measurements.
Equipment
• Analytical mass balance such as Mettler Toledo AE200
• Test weight (e.g., 5 g)
• Tweezers.
Procedure
1. Make sure the mass balance is free from debris.
2. Verify that the calibration of the mass balance is current.
3. Close all the doors of the mass balance and tare it. Make sure it reads all zeros.
4. Place a test weight on the mass balance and record the mass. Repeat this step three times. Make sure the readings are within the acceptable tolerance.
5.
Refer to Appendices A and B for more information. 
Example − Analytical Mass Balance Verification

Density Measurement Setup
The density of a solid can be measured using an analytical mass balance (with a minimum readability and reproducibility of 0.1 mg) and a kit for solid density measurements. The kit is used to measure the mass of a solid (e.g., a U-Mo specimen) in air and water.
In this document, the density measurement setup description is based on the Mettler AE200 balance and Mettler Density Determination Kit for Solids (Part #33360). For other balances and density determination kits, please refer to the applicable manual for setup instructions. The numbers below refer to the solid density measurement kit components shown in the Figure 1 . = � � 10. The final result is the density of the solid body, ρ. The unit of measurement is the same as that used for density of the auxiliary liquid, ρ 0 (e.g., g/cm 3 [identical to g/mL]).
11. If the direct buoyancy reading is not used, P can also be obtained from A − B. The balance will display B instead of P if it was not tared after result A was displayed or if it was tared with the solid body removed.
12. Repeat the above steps (after drying the specimen completely after each measurement) to get at least six readings.
13. Refer to Appendix B and Appendix C for more information.
Example with Buoyancy Indication
Following is an example calculation for determining the density of a coin using distilled water. 
Example − Density Measurement with a Density Standard
This section provides an example of the density measurement setup verification (Mettler Toledo AE200 and a Mettler Solid Density Determination Kit # 33360) using a density standard obtained from a vendor (5 g density standard/test weight from Rice Lake Weighing System; OIML Class E2 Part #29766) in water. Refer to Appendix A and C for the Test Weight Calibration Certificate and Density Report, respectively, that were obtained from the vendor. Distilled water was used as the liquid of known density. The measurements shown below were made using information provided in the Appendix D.
Average measured density of density standard (six readings): 7.9742 g/cc; standard deviation: 0.0132 g/cc Density (per the Vendor Report): 7.9787 g/cc (uncertainty: 0.0068 g/cc)
Example − Density Measurement of U-Mo Specimen
This section provides an example of the U-Mo specimen density measurement using a Mettler Toledo AE200 balance and a Mettler Solid Density Determination Kit # 33360. 3M Fluorinert Electronic Liquid FC-43 was used as the liquid with known density. The following measurements were made using the information provided in the Appendix E.
According to 3M specification sheet, the density of FC-43 at various temperatures can be determined as follows:
Density (g/cc) = [1913 − 2.18 (T)]/1000
where T is the temperature of the liquid in °C.
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Predicting Porosity from Uranium-Molybdenum Density
Porosity in a U-Mo sample can be calculated by determining the theoretical density and measured density of the U-Mo alloy. The theoretical density of U-Mo alloy can be calculated as follows: The theoretical density can be determined as follows:
The following designation can be used for the simplicity: U90-xM10Cx (where x is the weight fraction of carbon that can vary). After calculating the theoretical density and measuring the density of the sample, it is possible to predict the porosity as follows:
Upon Completion of Density Measurement
